sate-resistant giant ragweed can be effectively controlled in soybean by including 2,4-D in burndown program followed by PRE or POST herbicides tested in this study.
Introduction
Soybean (Glycine max L.) is the most prevalent oilseed crop in the United States and it is the second most common field crop after corn [1] . In 2012, soybean was planted on 31.24 million ha in the United States [1] . Glyphosate-resistant soybean was first commercialized in 1996, and since then it has been rapidly accepted by soybean growers [2] . In 2012, the National Agriculture Statistics Service of the U.S. Department of Agriculture (USDA) reported that 91% of the soybean and 60% of corn ha were planted with glyphosate-resistant trait [3] . The success of glyphosate-resistant crop technology is due to broad-spectrum weed control that has facilitated adoption of conservation tillage [4] - [6] . However, over reliance and continuous use of glyphosate for last 15 years resulted in evolution of glyphosate-resistant weeds [7] . Currently, 25 weed species worldwide have evolved resistance to glyphosate including 14 in the United States [8] .
Giant ragweed (Ambrosia trifida L.), a member of Asteraceae family, is an annual, broadleaf species that is native to the United States and it is found throughout North America and several other continents [9] . Giant ragweed has been common throughout the eastern United States, and in recent years the weed has become more problematic in Illinois, Iowa, Minnesota, and Nebraska [10] . It is a large-seeded broadleaf weed with a weight of an individual seed ranging from 27 to 45 mg [9] . Seed production in giant ragweed is in the range from 500 to 5000 seeds plant −1 [11] , so if not controlled, it can establish an extensive weed seed bank in a few years. The repeated use of herbicides with the same mode-of-action can impose selection pressure for resistance within or among weed species that have previously been susceptible [4] [12] . For example, a widespread and repeated use of the acetolactate synthase (ALS)-inhibiting herbicides resulted in the evolution of ALS inhibitor-resistant giant ragweed [13] . In 2005, a giant ragweed biotype in Ohio was reported to have reduced sensitivity to glyphosate [14] . In 2007, glyphosate-resistant giant ragweed was confirmed in Tennessee [15] , and now it has been confirmed in several states including Arkansas, Indiana, Iowa, Kansas, Minnesota, Mississippi, Missouri, Nebraska, Ohio, and Wisconsin [8] . Therefore, management of glyphosate-resistant giant ragweed is not only a challenge in soybean fields in Nebraska, but also in several other states and crops.
Giant ragweed, one of the earliest emerging summer annual weeds found in Nebraska corn and soybean fields with emergence typically begins in the late March or early April (personal observation). Previous studies in Illinois reported that giant ragweed started emerging in the first week of March and continued through the second week of May [16] [17] . In contrast, research in Ohio and Tennessee indicated late emergence of giant ragweed until the second week of July [18] [19] . In Indiana, giant ragweed was one of the most common weeds that were found in soybean fields late in the season [20] . Therefore, the extended germination period of giant ragweed makes it difficult to control because late-emerging seedlings (late June through July) could escape POST herbicide application [18] .
Early-spring emergence of giant ragweed intensifies the importance of applying an efficacious burndown herbicide prior to planting in no-tillage soybean production systems to prevent existing weeds from interfering with soybean growth. Saflufenacil, a pyrimidinedione herbicide, has been registered for burndown and/or PRE control of broadleaf weeds in several crops including soybean [21] . Saflufenacil controlled glyphosate-resistant horseweed [Conyza canadensis (L.) Cronq.] 94% up to 7 d before planting cotton (Gossypium hirsutum L.) without causing significant crop injury [22] . Saflufenacil has also been premixed with imazethapyr for use in corn, soybean, and field pea (Pisum sativum L.) [23] . Because of the activity on broadleaf weeds, low cost, and a few number of weeds having evolved resistance, 2,4-D is an option for soybean growers as burndown treatment [24] . Therefore, burndown application of 2,4-D and saflufenacil plus imazethapyr should be evaluated for control of glyphosate-resistant giant ragweed.
Several PRE and POST herbicides and their combinations have been evaluated for control of giant ragweed in soybean before commercialization of herbicide-resistant crops [25] - [27] . Prior to evolution of glyphosate-resistant giant ragweed, most no-till soybean growers were applying glyphosate before planting to control the existing population followed by an early-POST application for control of newly emerged giant ragweed plants. The protoporphyrinogen oxidase (PPO)-inhibiting herbicides such as fomesafen, lactofen, saflufenacil, and sulfentrazone are labeled in soybean and frequently used for control of glyphosate-resistant weeds [15] [22] . Another study reported 90% control of seedling giant ragweed with fomesafen [25] . Similarly, giant ragweed was controlled 95% when fomesafen was applied at the three-node stage [26] [27], compared to <66% at six-node stage [15] . Therefore, herbicides with different modes-of-action are needed for effective control of glyphosate-resistant giant ragweed.
The objectives of this study were to evaluate herbicide programs with 2,4-D as burndown followed by PRE or POST herbicides for control of glyphosate-resistant giant ragweed and their effect on soybean injury and yield. We hypothesized that a combination of 2,4-D as burndown followed by PRE herbicides including saflufenacil plus imazethapyr, S-metolachlor plus metribuzin, sulfentrazone plus cloransulam, or POST herbicides such as cloransulam, chlorimuron, fomesafen, imazethapyr, or lactofen in tank-mixtures with acetochlor can effectively control glyphosate-resistant giant ragweed.
Materials and Methods
Field experiments were conducted at David City, NE in 2012 and 2013 in a grower's field infested witglyphosate-resistant giant ragweed. The history of the site was a heavy reliance on glyphosate for weed control at least two times per season for the last eight years in a glyphosate-resistant corn and soybean rotation. The soil at the experimental site was silty loam with pH 5.4, 18% sand, 50% silt, 32% clay, and 2.1% organic matter. The experiment design was a randomized complete block with four replications. Glyphosate-resistant soybean (Cv. "Pioneer 93Y12") was planted on May 7 and May 24 in 2012 and 2013, respectively. The seeds were planted 3 cm deep and rows were spaced 76 cm apart. The plot size was 3 × 9 m and was comprised of four soybean rows. A total of 13 herbicide programs including burndown followed by PRE or POST herbicides were compared for control of glyphosate-resistant giant ragweed ( Table 1) . A nontreated control was included for comparison. Glyphosate treatment was included to demonstrate the presence of glyphosate-resistance in the giant ragweed population and to serve as a comparison for control for other herbicide treatments.
Herbicides were applied with a CO 2 -pressurized backpack sprayer calibrated to deliver 140 L•ha Visual estimations of soybean injury and giant ragweed control were recorded on a scale of 0% to 100% (0 equals no giant ragweed control or soybean injury and 100 equals complete giant ragweed control or soybean plant death) at 7, 14, 21 days after burndown treatment (DABT), at 7, and 30 days after POST treatment (DAPT), and at harvest. Giant ragweed densities were assessed by counting plants in 0.25 m 2 quadrats at the time of harvest. Giant ragweed plants that survived herbicide treatments were cut at the soil surface from two randomly selected 0.25 m 2 quadrats per plot, placed in paper bags, dried in an oven for 72 h at 60 C, and the biomass was recorded. The plots were harvested using a plot combine and soybean seed yield was recorded. The weed control efficiency (WCE) was calculated using equation:
[ ] % Dry Weight of nontreated control Dry Weight of herbicide treated plots 100 Dry weight of nontreated control
Data were subjected to ANOVA using the PROC MIXED procedure in SAS version 9.3 (SAS Institute Inc., Cary, NC). Year and herbicide treatments were considered fixed effects, and replication was considered a random effect for the analysis. If the year-by-treatment interaction was non-significant, data from the 2 yr were averaged. If the year-by-treatment interaction was significant, data were analyzed separately by year. Data were tested for normality with the use of PROC UNIVERIATE. Visual estimations of control of giant ragweed, density, and biomass data were arcsine square-root transformed before analysis; however, non-transformed data are presented with mean separation on the basis of transformed data. Where the ANOVA indicated treatment effects were significant, means were separated at P ≤ 0.05 using Tukey-Kramer's pairwise comparison test.
Results and Discussion
Year-by-treatment interaction for giant ragweed control, density, and biomass was non-significant; therefore, data from the 2 yr were averaged. Control of glyphosate-resistant giant ragweed varied among herbicide treatments ( Table 2 ). Glyphosate applied alone or in tank-mixtures with S-metolachlor plus metribuzin provided the least control (≤36%) of giant ragweed at 7 days after burndown treatment (DABT). Saflufenacil plus imazethapyr had the highest giant ragweed control (93%). Burndown treatments with 2,4-D provided 63% to 66% control of giant ragweed 7 DABT; however, at 14 DABT, control was improved to 87 to 99%, and was comparable with saflufenacil plus imazethapyr (89%). This is because the epinastic injury symptoms of 2,4-D were observed at 7 DABT, but most severe symptoms were expressed at 14 DABT. Similarly, Barnett et al. (2013) reported 64 and 90% control of glyphosate-resistant giant ragweed, respectively, at 10 and 30 days after 2,4-D amine application. Control of giant ragweed at 21 DABT followed a similar trend to earlier observations. The burndown application of 2,4-D or saflufenacil plus imazethapyr provided 87% to 99% control at 21 DABT. Pre- The data were arc-sine square-root transformed before analysis; however, data presented are the means of actual values for comparison based on interpretation from the transformed data. vious researchers reported 90% and 92% control of glyphosate-resistant giant ragweed with 2,4-D and dicamba, respectively, at 30 days after application in a bare ground study [28] . In another study, saflufenacil applied 7 or 14 days before planting no-till cotton (Gossypium hirsutum L.) provided >90% control of glyphosate-resistant horseweed [Conyza canadensis (L.) Cronq.] [22] . Burndown applications of 2,4-D followed by PRE or POST herbicide treatments were effective for control of glyphosate-resistant giant ragweed. PRE or POST herbicides prevented regrowth of the partially controlled giant ragweed plants that survived the burndown treatment. For example, saflufenacil plus imazethapyr, S-metolachlor plus metribuzin, or sulfentrazone plus cloransulam applied PRE resulted in 99% control of giant ragweed ( Table 2) . Similarly, cloransulam, chlorimuron, fomesafen, imazethapyr, or lactofen tank-mixed with acetochlor resulted in 85% to 97% control of giant ragweed at 7 days after POST treatment (DAPT) with no difference between them. Poor control of giant ragweed (≤68%) was usually observed when the burndown-only treatments were not followed by PRE or POST herbicides at 30 DAPT.
Similar results were observed for visual control ratings recorded at soybean harvest ( Table 2) . Herbicide treatments containing 2,4-D in a burndown program followed by PRE or POST herbicides provided 89% to 99% control of glyphosate-resistant giant ragweed. Similarly, 2,4-D was found most effective for control of giant ragweed and resulted in 99% control at 28 DAT [29] . This is due to the fact that giant ragweed is very sensitive to growth hormone herbicides [28] [29] . For example, a study in Ontario, Canada reported 99% control of glyphosate-resistant giant ragweed with dicamba applied in a burndown treatment before planting soybean [30] . Giant ragweed control with saflufenacil plus imazethapyr was 89% at 21 DABT; however, control was reduced to 63% at soybean harvest. The other burndown-only treatments such as S-metolachlor plus metribuzin and sulfentrazone plus cloransulam resulted in ≤25% control of giant ragweed at soybean harvest due to the fact that no PRE or POST herbicides were followed in these treatments. Although burndown-only application of 2,4-D resulted in 89% control of giant ragweed at harvest, it cannot be recommended, because it lacks diversified herbicide approach, that may result in evolution of multiple herbicide-resistant giant ragweed if applied repeatedly.
Giant ragweed densities differed among herbicide treatments ( Table 3 ), but it was usually comparable with burndown-only treatments ( Table 3) . This indicated that the burndown-only treatments were not sufficient for late-season control of giant ragweed and other weed species such as common waterhemp (data not shown). The treatments tested with 2, , respectively, at 30 days after application [28] . Similarly, another study reported 0.1 and 3.7 g•plant −1 biomass when 2,4-D was applied to 10 to 25 and 26 to 46 cm tall giant ragweed plants, respectively [29] .
Year-by-treatment interaction for soybean yield was significant; therefore, data are presented separately for both years. The non-treated control and burndown-only treatments usually resulted in no yield due to extreme competition of glyphosate-resistant giant ragweed with soybeans in combination with extreme drought in 2012. This indicated that if left un-controlled by using burndown-only treatments without sequential herbicide application, giant ragweed at a density of 20 to 28 plants•m −2 can cause 100% yield reduction in soybean. Similar trend was observed in 2013, except burndown-only treatment of saflufenacil plus imazethapyr, and sulfentrazone plus cloransulam resulted in 1854 and 577 kg•ha −1 soybean yields, respectively. Burndown application of 2,4-D followed by PRE or POST herbicides resulted in higher soybean yields. No soybean injury was observed in any herbicide treatment in this study indicating all the registered herbicides were safe to apply as per the label direction.
Early-season weed control is extremely important to prevent soybean yield reduction. Giant ragweed is an early-emerging weed and if not controlled, it can compete with soybeans and significantly reduce yield. Burndown application of 2,4-D followed by PRE or POST herbicides were very effective in this study for control of glyphosate-resistant giant ragweed. Burndown-only treatments such as saflufenacil plus imazethapy provided initial control, but regrowth of giant ragweed resulted in competition later in the season that reduced soybean yield. Plant-back restriction for soybean is 15 days for 2,4-D; therefore, it is important to apply 2,4-D as burndown at least 15 days before planting soybean to avoid injury. In an earlier study, soybean was injured 11% when 2,4-D was applied 7 days before planting [24] . Soybean cultivars with traits conferring resistance to pre-plant or POST applications of 2,4-D or dicamba are being developed and may be commercialized in the near future [30] [31] . This may provide more flexibility of POST 2,4-D or dicamba application for control of glyphosate-resistant weeds, including giant ragweed [30] [32].
Conclusion
Results of this study indicate that soybean fields with glyphosate-resistant giant ragweed infestation require a
